The aim of this study was to assess postural response efficiency to a selfinitiated perturbation using an original method based on the inverted pendulum model. Eight young subjects were asked to perform bilateral arm raising and lowering at 3 different speeds while standing on a force plate. The time necessary to recover a steady state following the movement was computed by analyzing the time evolution of the coefficient of determination between the center of pressure and center of mass difference variable (COP-COM) and the horizontal acceleration of the COM. Results show a spatial reorganization (hip strategy) of the segments following the perturbation and a strong influence of the linear relationship to the arm velocity. However, the conditions of arm velocity did not have any effect on the time response of the postural control, suggesting that this parameter would be an invariant characteristic of the movement. These results support the existence of an internal representation of the inertial constraints related to the movement execution.
Introduction
Postural stability and balance control mechanisms have been widely studied in the past in healthy and pathological populations or during the ontogenesis (Collins & De Luca, 1995; Hay & Redon, 2001; Lauk et al., 1999; Morasso & Schieppati, 1999; Winter et al., 1993 Winter et al., , 1996 . These studies are essential to determine the evolution of the postural system and, in the case of aging, prevent the risks of falls (Corriveau et al., 2000) .
The most straightforward approach to evaluate these processes is to expose the body to a disturbance and measure the postural response in terms of strategy of segment mobilization or time response (Cordo & Nashner, 1982; Gilles et al., 1999) . Massion (1992) distinguished two types of disturbances affecting postural control and permitting these kinds of analyses. Indeed, for the author, theses disturbances can either be unexpected such as a movable stance support or external pushes and are recognized as external disturbances, or can be self-initiated and are called internal disturbances (Bouisset & Zattara, 1987; Cordo & Nashner, 1982) . For these disruptive events, two periods are usually analyzed: (a) the period prior to the disturbance, to evaluate the preparation of the system to perform the voluntary movement, and (b) the period during and just after the movement, to quantify the postural response and the destabilizing effects. For the latter, most of this research quantified only the amplitude and latency of the postural response without looking at its efficiency in terms of time to recover a steady state. However, this element is of interest if one performs studies with elderly or pathological populations with specific degeneration of the neuromuscular system.
In quiet standing, the body is generally modeled with a single rigid segment oscillating around the ankle joint. Based on this inverted pendulum model, the study of Brenière et al. (1987) on gait initiation highlighted the existence of a linear relationship between the horizontal acceleration of the center of mass (COM) and the difference of position between the center of pressure (COP) and the COM. Later, Winter et al. (1998) applied this relationship to the standing posture in order to propose a postural control model based on ankle stiffness. Furthermore, the study of Rietdyk et al. (1999) has recently broadened the type of postural control proposed by Winter et al. (1998) with tasks producing a disturbance of balance such as medial-lateral pushes. These authors showed that the inverted pendulum model of postural control was valid even when the body did not behave as a single inverted pendulum, where both ankle and hip were involved. To validate these results, Rietdyk et al. (1999) used the linear relationship of amplitude between the COP-COM and the COM acceleration. They calculated the coefficient of correlation between the horizontal acceleration of the COM and the COP-COM in the frontal plane without specifying, unfortunately, over which period it was determined. However, the analysis of the different phases of the movement is of interest if one tries to accurately determine the behavior of the system faced with a disturbance. Moreover, it would be important to quantify the impact of this disturbance on the body with respect to the initial state.
Furthermore, another important aspect in postural studies with perturbation concerns the fundamental notion of adaptability and learning of the system to respond to a disturbance. Indeed, for unexpected perturbations, subjects do not have, a priori, any knowledge of the global parameters of the disturbance (magnitude, direction, etc.), and they have to respond with the best efficacy to prevent a fall. In contrast, for internal perturbations such as self-initiated movements, subjects have a good knowledge of the inertial characteristics of their limbs and could integrate online the destabilizing effects during the movement to respond effectively to the task.
The first objective of this study is to propose a method to accurately assess the recovery response after an internal perturbation. We based our analysis on the linear relationship linking the COP to the COM but distinguishing the periods before, during, and after the movement. Moreover, we attempt to verify the hypothesis that the self-initiated movement parameters do not influence the delay of the postural response.
Materials and Methods

Participants
Four male subjects and 4 female subjects (mean age = 23.1 ± 1.5 years; mass = 66 ± 16.2 kg; height = 1.722 ± 0.091 m) gave their informed consent to participate in this investigation. All subjects were healthy and without any history of upper and lower extremity pathology that may interfere with postural control.
Procedure
Subjects stood barefoot on a force plate in a standardized position (McIlroy & Maki, 1997) , grasping a light stem between the two hands. They were instructed to perform an upward and downward symmetrical arm swing to shoulder height at three different speeds [slow (Sv), natural (Nv), and fast (Fv)]. The velocities were determined as follow: 6 s for the entire movement in the slow condition (3 s upward and 3 s downward), 2 s for the natural condition, and as fast as possible for the fast condition. Preliminary trials were made to ensure that the subjects performed the task correctly. The arm movement paradigm was chosen because it is one of the most studied self-initiated tasks (Aruin & Latash, 1995; Bouisset & Zattara, 1987; Eng et al., 1992; Patla et al., 2002) and because this movement, especially when done rapidly, creates a sufficient disturbance to lead to body reorganization. The subjects had to maintain a full elbow extension throughout the movement and keep their legs straight. Moreover, the feet had to be flat on the force plate throughout the movement. Five trials at each velocity were carried out and then analyzed. The movements were self-initiated in the middle of the 30-s acquisition period. In order to avoid fatigue or learning effects, the sequences of trials were randomized.
Kinetic Analysis
A force plate made up of three monoaxial sensors and a steel plate (Caron, 1997) was used to compute the center of pressure (COP) position. The analog signals coming from three load cells were amplified and converted to digital signals. The COP trajectory was then obtained from the point of application of the resultant reactive force. The signals from the load cells were recorded at 100 Hz and low-pass filtered at 6 Hz using a dual-pass second-order Butterworth digital filter.
Kinematic Analysis
A SELSPOT kinematic system was used to record the segment displacements in the sagittal plane. Four infrared light-emitting diodes (IREDs) operating at 200 Hz were recorded with the camera placed at 3 m from the subject. The IREDs were placed on the right side of the participants on the following anatomical landmarks: lateral malleolus, greater trochanter, greater tubercle of the shoulder and radial styloid process, in accordance with the anthropometrics table guidelines (Winter, 1990) . The two upper and lower limbs were combined into one equivalent upper and lower segment. The COM position was calculated by a weighted sum of the partial COM displacements of the three following segments: leg, trunk, and arm. The mass-inertia parameters for each segment were obtained from an anthropometric table (Winter, 1990) . The weight of the light stem was neglected. All segments were assumed to be rigid, and the joints were modeled as pin connections with only one degree of freedom. Figure 1 illustrates the three-segments model used for this study and the corresponding ankle hip and shoulder angles calculated.
After digitalization of the IRED signals, the raw data were low-pass filtered at 10 Hz using a second-order zero-lag Butterworth filter. Winter et al. (1998) used the inverted pendulum model to highlight the linear relationship associating the COP-COM variable and the horizontal acceleration of the COM. In the sagittal plane, this relationship is expressed as follows:
COP and COM Analysis
where x COM is the linear acceleration of the COM, k is an inertial constant and x COP and x COM are the COP and COM distances from the ankle joint in the sagittal plane, respectively. To quantify this relationship, a coefficient of determination (R 2 ) was calculated between the "error signal" (COP-COM) and the horizontal acceleration of the COM in the following time intervals: before (R 2 b), during (R 2 d), and after (R 2 a) the movement. Moreover, in order to evaluate the efficiency of the system to recover from a disturbance, a mobile R 2 (R 2 M) was calculated (Figure 2 ). This latest was defined on the basis of the period preceding the movement, which was considered as a steady state and was calculated over 1 s for all subjects. Then the R 2 M and R 2 b were compared. When the value of the R 2 M was superior or equal to the mean R 2 b ± 2SD for more than 1 s, the system was considered to have recovered its steady state. Data were processed on a PC using software written for Matlab 6.0.
Statistical Analysis
All measures described above were examined in a one-way analysis of variance (ANOVA) with the significance level set at .05. The angular displacements and velocities were tested to determine the effect of the movement velocity (slow, natural, and fast), and the R 2 s were tested to determine the effect of the period of analysis (before, during, and after the movement).
Results
Angular Displacements
As expected, there was a significant increase (p < .01) in maximal angular velocities of the arms from slow (Sv = 137.6°/s, SD = 50.1), to natural (Nv = 208.0°/s, SD = 51.8), to fast (Fv = 411.8°/s, SD = 22.9). Figure 3 illustrates stick figures of a subject (tr3) and the corresponding mean angular displacement of the shoulder, hip, and ankle joints during an arm raising and lowering motion executed at three different velocities. The mean (±SD) angular displacements at the ankle joint were: 1.18 ± 0.32°, 1.23 ± 0.47°, and 1.62 ± 0.36° for Sv, Nv, and Fv, respectively. These values remained small but statistically different (p < .05). The patterns of the angular displacements were similar for Sv and Nv but quite different when the movement was executed at fast velocity. Indeed, the ankle showed a dorsi-flexion movement immediately followed by a plantar-flexion, whereas no substantial displacement was observed for the slower velocities (Sv and Nv).
In contrast, the patterns of the angular displacements of the hip joint remained the same, but the amplitude increased with angular velocity. No statistical difference (p = .352) was found between the maximal angular displacements: 4.2 ± 1.9°, 4.3 ± 1.8°, and 5.3 ± 2.0° for Sv, Nv, and Fv, respectively. Indeed, when the movement was performed, the hip flexed and a backward displacement was achieved to counterbalance the disturbance due to the movement. The mean amplitudes of these backward displacements were: 1.8 ± 0.4 cm, 1.9 ± 0.5 cm, and 2.7 ± 0.7 cm for Sv, Nv, and Fv, respectively, and were significantly different (p < .01).
Finally, no statistical difference (p = .203) was found for the maximal angular displacement at the shoulder joint: 81.6 ± 8.2°, 85.1 ± 6.1°, and 81.5 ± 6.4°, respectively, for slow, natural, and fast speed. Table 1 shows the maximal displacement of the COM and COP and the COM acceleration along the A/P axis for the three velocities. The fast velocities significantly affected the COP excursion and the COM accelerations. The maximal COM displacements remained unchanged for the three different conditions. a) the movement for the three velocities. As depicted, significant differences (p < .05) were only found for the coefficients of determination calculated during the movement period in the conditions of natural and fast velocities (Nv and Note. The maximal COM displacement was not affected by the movement speed contrary to the COP displacement and the horizontal acceleration. 
COP and COM Analysis
Linear Relation Analysis Before, During, and After the Movement
Time to Recover Steady State
No significant difference (p = .431) was found between the three conditions for the time to regain steady state posture: 5.7 ± 2.6 s, 5.5 ± 2.2 s, and 5.8 ± 1.5 s for Sv, Nv, and Fv, respectively.
Discussion
Based on the linear relationship linking the COP to the COM (Rietdyk et al., 1999) , this study aimed to assess the human body capacity to respond efficiently to a self-initiated disturbance and regain steady state postural control. However, prior to analyzing the recovery mechanisms, it is necessary to characterize the impact of the disturbance and to verify if our results are in agreement with the literature in terms of segment organization in space. Massion (1992) and De Wolf (1998) have shown that two sources of disequilibrium can affect posture and balance when a voluntary movement such as arm raising and lowering is performed.
Segment Organization in Space in Response to the Disturbance
The first source is related to the displacement of the arm's COM, which induces a forward and upward displacement of the total body COM. For example, in a simulated static experiment, Pozzo et al. (2001) reported that the whole body COM was displaced 3.5 cm ahead of its initial position when the arms were stabilized horizontally. Moreover, the study of Vernazza-Martin et al. (1999) exhibited a theoretical maximal postural shift of the COM of close to 1.5 cm when one arm was raised. Our results are in agreement with these studies but present greater values because two arms are used to perform the movement. Otherwise, we did not find any significant differences in the amplitudes of COM displacement for the three velocities. These results are in accordance with Eng et al. (1992) who demonstrated that the offsetting of the COM of postural and focal segments and the interaction of reactive joint torques allowed whole body COM stabilization.
The second source of disturbance is directly associated with the internal muscular forces, which generate arm accelerations and induce opposed reaction forces to the adjacent segments (Eng et al., 1992) . To counteract these disturbances and maintain the COM within the base of support, the body reorganizes the spatial segment positions (Babinski, 1899) . The postural strategy usually performed is referred to as the so-called "hip strategy" (Horak & Nashner, 1986) , which consists of a backward displacement of the hip and a trunk flexion. When the velocity of the arm movement increases, the inertial forces become larger because of the greater forward and upward accelerations. This results in a larger hip strategy (Horak et al., 1984; Lee et al., 1990) . Our results are in agreement with these observations even though no statistically significant values were found in our study. However, the simulation study of Pozzo et al. (2001) reported larger trunk flexion (~15°) compared to the present study (~5°) for fast arm raising. These discrepancies could be explained by the differences in the angular velocities of the arm movements. Indeed, Pozzo et al. (2001) ). Finally, the velocity of the movement significantly influenced the COM horizontal acceleration and the COP displacements. The COP is a variable unrelated to inertia that is strongly dependant, as is the COM, on the body segment accelerations. Therefore, it is normal to observe an increase in the values of these variables with the increased velocity.
Horizontal Acceleration of the COM and COP-COM Difference
The first objective of this study was to propose a method to assess the postural response to a self-initiated movement. The method developed was based on the inverted pendulum model (Winter et al., 1998) . It was hypothesized that the importance of the linear relationship linking the COP to the COM could give information on the system's efficiency to respond to a self-initiated postural disturbance. This method was a logical choice because it combines the most relevant parameters used in postural studies Morasso & Schieppati, 1999; Winter et al., 1993 Winter et al., , 1996 . Indeed, the variable COP-COM has been recognized as reliable (Corriveau et al., 2000) and informs us about the control operated by the system to regulate the posture because it is directly proportional to the horizontal acceleration of the COM. The COP-COM linear relationship was further demonstrated and validated in postural (Caron et al., 1997) , disturbed posture (Rietdyk et al., 1999) , and gait initiation studies (Brenière et al., 1987; Jian et al., 1993) . In quiet standing, this relationship is close to 1 because of the likeness of the human body to behave as an ideal inverted pendulum. However, when a disturbance is applied to the body, this relationship decreases relative to its magnitude (Rietdyk et al., 1999) . This is also true when the velocity of an arm raising movement increases. This decrease is associated with the postural adjustments performed by the subject to maintain balance. Indeed, from a functional point of view, when a fast arm raising movement is performed, the COP displacements are increased but are limited to the base of support. The mobilization of the hip joint is then necessary to avoid the fall. Therefore, in this condition, the system does not act as a single pendulum but, at least, as a double. Moreover, the fact that the COM is accelerated but does not move much compared to the COP decreases the linear relationship. However, our results showed that the relationship did not decrease substantially (>0.80). Therefore, one can conclude that the inverted pendulum model is still effective even when the body does not behave as a single pendulum (Rietdyk et al., 1999) .
Efficiency and Regaining Steady State Postural Control
The second objective of this study was to analyze the efficiency of the postural control mechanisms to respond to a disturbance and to evaluate the capacity of the system to adapt and integrate various movement parameters.
Our results show that the human body does not seem to be perturbed for a very long period after a self-initiated disturbance, such as an arm raising movement. Indeed, this suggests that whatever the velocity of the movement, the body still responds with the same efficiency. Moreover, the delay used to return to the stable condition is invariant whatever the velocity of the arm movement. One possible explanation of these results could be found in the online integration of the inertial parameters of the moving segment by the central nervous system. This internal knowledge of the proper characteristics of the moving limbs and of the global system is in reference with a "dynamic body schema" linked to body posture literature (Clément et al.,1984; Head, 1920) . This integration may come from mnesic traces or adaptive processes given by receptors sensitive to inertia or coding for the position of the limbs in space. The proprioceptors (muscles spindles, Golgi tendon organ) have been recognized to ensure this role (Dietz et al., 1996; Lackner & Dizio, 2000) . Moreover, recent studies propose that the tensor inertia might be an important source of information used by the proprioceptive system to obtain information on the spatial positions of the limbs and to control their movement (Pagano & Turvey, 1995) . However, this role is always a source of controversy (Craig & Bourdin, 2002) , and further studies need to be carried out to verify this hypothesis.
Numerous studies have reported adaptation and learning of the nervous system about inertial forces. The works of Dizio in 1994 and Lackner in 1995, investigating forward reaching movements performed in a rotating environment, showed a compensation and an adaptation to the Coriolis forces after repeating movements. The Coriolis force is an inertial force that is proportional to the byproduct of the angular velocity of the rotating environment and the velocity of the body with respect to the rotating coordinate system. Therefore, the body could integrate the disturbance induced by some forces and adapt itself for the forthcoming movements. This hypothesis is supported by two recent studies of Pigeon et al. (2003a Pigeon et al. ( , 2003b in turn-and-reach movements. Indeed, these studies show that whatever the magnitudes of self-generated Coriolis forces, the reaching movements remain accurate. These results suggest that the nervous system anticipates and corrects for the self-generated forces.
Finally, an important element concerns the actual delay to return to the steady state. Our results show a mean value close to 5.6 s for each movement velocity. Little (1997) studied the mechanical and neuromuscular responses following multidirectional disturbance applied to the trunk. This study reported a delay close to 1.2 s when the disturbance was applied in the medial-lateral direction and 0.6 s when the disturbance was applied in the antero-posterior direction. These differences could be explained by the choice of event marking the return to steady state. Indeed, Little (1997) considered steady state when the horizontal acceleration of the COM was less than 0.16 m/s 2 . The difference of the steady state criteria explains the discrepancies between the two studies. Therefore, this extra time delay seems to be important but would be constant and essential after the end of the movement to take into account the body configuration and to allow the COP-COM difference to come back to its initial state. Moreover, it is interesting to imagine the consequences of this temporary delay. Indeed, even though the subjects of this study had a strong athletic background, they all needed more than 5 s to regain their steady state. Applications could be found in studies on postural control disorders in pathological or aged populations to evaluate their risks of fall.
Conclusion
The method developed in this study was able to quantify the efficiency of the human body to respond to a self-initiated perturbation and return to steady state. The results seem to indicate the existence of a "dynamic body schema" giving an internal representation of the inertial parameters associated to a self-initiated movement. The findings of this study suggest that the time necessary for the system to respond efficiently to a disturbance could be an invariant characteristic of the movement.
